Introduction and Description of Problem
Historically, tokamak control design has been a combination of theory driving an initial control design and empirical tuning of controllers to achieve satisfactory performance. This approach was in line with the focus of past experiments on simply obtaining sufficient control to study many of the basic physics issues of plasma behavior. However, in recent years existing experimental devices have required increasingly accurate control. New tokamaks such as ITER or the eventual fusion power plant must achieve and confine burning fusion plasmas, placing unprecedented demands on regulation of plasma shape and position, heat flux, and burn characteristics. Control designs for such tokamaks must also function well during initial device operation with minimal empirical optimization required. All of these design requirements imply a heavy reliance on plasma modeling and simulation. Thus, plasma control design has begun to use increasingly modern and sophisticated control design methods. This paper describes some of the history of plasma control for the DIII-D tokamak as well as the recent effort to implement modern controllers. This effort improves the control so that we may obtain better physics experiments and simultaneously develop the technology for designing controllers for next-generation tokamaks.
The DIII-D tokamak is toroidal device with a D-shaped cross-section having a major radius of 1.7 m and a characteristic time constant of several milliseconds for field penetration through the vacuum vessel. The time constant of the dominant instability is typically comparable to this field penetration time. Figure 1 shows a cross-section of DIII-D with lines of constant flux shown to illustrate the plasma. The primary purpose of the Ohmic heating coil (E-coil) solenoid is to induce current in the plasma through transformer action. This heats the plasma through resistive losses and provides a distributed current which can be shaped by external currents. The 18 poloidal field coils (F-coils) F1A to F9B are used to control the shape and position of the plasma. Shaping power supplies act as voltage sources in series with certain of the F-coils to provide the necessary shaping currents. Characteristics of the device which make for challenging control problems are the highly nonlinear nature of the plasma response and of the shaping power supplies, the high degree of coupling between the responses of the plasma to various F-coils, and the fact that the plasma vertical motion is highly unstable. An additional problem is that it's difficult to determine the plasma shape in real-time because the shape cannot be measured directly but must be reconstructed from E-coil Turnis u -E-coil Turns E-coil Turns discrete magnetic field and flux measurements. Measurements which are used to estimate the shape and position are magnetic field ,at 29 magnetic probes on the inner side of the vacuum vessel (2 probes shown), fluxes at 41 flux loops on the outer side of the vessel and on the F-coils (1 loop shown), currents in 6 E-and 18 F-coils, total toroidal current in the plasma and containment vessel, and optical measurements of plasma internal magnetic field.
The problem to be considered here is the control of the shape and position of a plasma in DIII-D. The traditional approach to solving tlhis control problem has been to decouple controls as much as possible. In the past this has often meant that the effect on a particular plasma parameter from coils other than the coil actually being used to control that parameter were ignored. More modern efforts at shape control seek to take these effects into account in the control design. Some controls may still be decoupled, however, to minimize tlhe size and complexity of resulting controllers. For example, the response time needed for vertical position control ia much faster than that needed for shaping or plasma current control, and is therefore handled by a seperate controller. Plasma current control also closes the loop seperately because the E-coil In the following sections, we describe the evolution of plasma shape and position control at DIII-D with emphasis on recent work. This control consists of two equally challenging problems -the problem of identifying what the plasma actually looks like in real time, i.e. measuring the parameters to be controlled, and the task of determining the feedback algorithm which best controls these plasma parameters in a multiple input-output system. Recent implementation of a real time plasma equilibrium reconstruction algorithm seems to solve the longstanding problem of obtaining sufficiently accurate plasma shape and position estimation. Stabilization of the open-loop unstable vertical motion is also viewed as a solved problem. The primary remaining problem appears to be how best to command the power supplies to achieve a desired shaping control response. We will describe our effort to understand and apply linearized models of plasma evolution to development and implementation of multivariable plasma controllers.
Vertical Position Control
An analog controller for DIII-D plasma vertical position was originally developed based on a single-filament plasma model and then empirically optimized. An extensive analysis based on this model is presented in [l] . Operational experience has shown this control to be effective and robust. This analog controller has been implemented as a digital algorithm in the plasma control system (PCS) [ 2 ] . This was a straightforward development of digital filters to match the analog frequency response [3] .
Plasma Parameter Estimation
Off-line estimates of plasma shape and position in DIII-D are calculated using an iterative nonlinear algorithm known as EFIT for fitting equilibria to diagnostic measurements. The EFIT reconstruction code [4] is routinely used at DIII-D and other laboratories world-wide. Plasma reconstruction is based on a current profile and flux distribution consistent with the Grad-Shafranov tokamak equilibrium relation [5] . The effects of variation of plasma pressure, internal inductance, and edge current density on shape identification are handled properly. Certain other diagnostic data can be included to directly determine the spatial distribution of current across the plasma.
Real time shape estimation has traditionally been achieved at DIII-D by a set of approximate formulas derived partly from theory and partly from fits to "data" (EFIT reconstructed equilibria) 161. These formulas are used to estimate quantities to be controlled such as the vertical position of the plasma current center (Zcur), inner plasma to vessel gap (GAPin), plasma top to vessel gap (GAPtop), major radius of the center of the outer flux surface (Rsurf), X-point vertical position (Zx), X-point radial position (Rx) and, indirectly, plasma elongation and triangularity (Fig. 2) . The X-point is the location inside the vessel where the poloidal magnetic field B is equal to 0. Magnetic field lines correspond to the contours of constant flux shown.
More recently, a modified version of the EFIT algorithm which produces a new equilibrium estimate every 1.5 ms [7] was implemented to provide more accurate real time estimates of plasma shape and position. The real time algorithm provides shape identification with accuracy previously produced only by between shot analysis. Another advantage is that this single shape identification method handles all discharge shapes for DIII-D experiments. Previously, each distinct plasma shape required calculating a different set of controlled parameters.
Changing Control Paradigms
For the most part control at DIII-D has been done in the past with PID algorithms which map a single parameter such as one of the plasma to vessel gaps, plasma elongation, triangularity, or X-point location to a single or small number of nearby shaping coils [6, 8] . Perturbations caused by one of these controls on other plasma parameters were ignored. Methods for plasma control have evolved in parallel with improvements in the estimation of plasma shape and position. The most recent change of control methodology has been the transition from so-called "gap control" described above to "isoflux" control [6] which exploits the capability of the new real time EFIT algorithm to calculate magnetic flux at specified locations within the tokamak vessel. Figure 2 illustrates a plasma which was controlled using the new isoflux control. Real time EFIT can calculate very accurately the value of flux in the vicinity of the plasma boundary. Thus, the controlled parameters become the values of flux at prespecified control points along with the X-point r and z position. By requiring that the flux at each control point be equal to the same constant value, the control forces the same flux contour to pass through all of these control points. By choosing this constant value equal to the flux at the X-point, this flux contour must be the last closed flux surface or separatrix. The desired separatrix location is specified by selecting one of a large number of control points along each of several control segments (Fig. 2 ). An X-point control grid is used to assist in calculating the X-point location by providing detailed flux and field information at a number of closely spaced points in the vicinity of the X-point.
Tokamak Models
To develop a multivariable controller for poloidal shaping, it is necessary to develop and validate a model of the system(s) to be controlled. Models of these systems include a highly nonlinear plasma, a large but linear set of circuit equations defining shaping currents as a function of applied voltage, and shaping power supplies which also require highly nonlinear models. The modeling of plasma response to external shaping coil currents is an active area of research and will be discussed below. To reduce the complexity of the plant model for control design, individual controllers for the shaping power supplies were developed and implemented [3] to provide an approximately "ideal" voltage source. In particular, variations in conductor flux resulting from vertical motion of the plasma are dominated by the plasma contribution, giving rise to the only unstable mode of the system, known as the "vertical instability". Use of a plasma response model is thus necessary at some level to produce an efficient stabilizing controller, and can in principle improve control of the remaining stable modes.
DIII-D Power Systems and Conductors.
Two general approaches are available to determine the linearized plasma response for DIII-D: system identification through experimentation or computational simulation, and direct determination of the linear response through perturbational or energy principle methods. We have decided against the first approach because generation of models for the wide range of DIII-D plasmas would be extremely expensive and reliance on such an approach would make it difficult to generate new plasma equilibria.
The second approach involves explicit perturbation of conductor currents in equilibrium calculations to determine the linearizedl response of the plasma [lo] . Alternatively, trial functiion stationization of the system Lagrangian, derived from the ideal MHD energy principle, provides a description of a perfectly flux-conserving plasma. However, both of these require knowledge and specification of certain constraints imposed by the physical plasma. A (idealized) plasma which obeys ideal MHD is constrained to conserve flux at all points within the plasma. Physical plasmas, by contrast, tend to be increasingly resistive near the plasma surface. Sufficiently high resistivity of the edge plasma region can dissipate flux-conserving induced currents on time scales of interest in plasma shaping control, causing the plasma response to be quite different from ideal MHD.
For example, experimental observations suggest that some characteristics of the X-point and strike point (Fig. 2 ) response can be highly sensitive to the choice of flux conservation constraint. Figure 4 illustrates the effect of downward motion of the plasma on the field line geometry around the X-point in DIII-D. The solid and dashed contours show the separatrix at two different times. The absence of significant edge current density (equivalently, lack of flux conservation) is indicated by the preservation of right angles in the X-point field pattern during the evolution. Plasmas with better confinement and therefore possibly higher edge temperatures are routinely produced in DII-D, and may conserve edge flux sufficiently well to dramatically change the X-point response. Because the uncertainty in the temperature (and hence resistivity) of the edge plasma can be very great, such sensitivity to modeling assumptions may pose problems for plasma response models on which control action is made to depend.
Unfortunately, the best choice of flux constraint to accurately characterize physical plasma shape response in general is not yet clear. Although many detailed comparisons of resistive MHD simulation codes with experimental plasma shape responses have been performed in recent years using such axisymmetric resistive MHD simulation codes as TSC [11] and DINA [12] , the implications of these results for linear plasma response modeling have not been completely assessed.
Despite the ambiguity in choices of plasma edge conductivity, both nonlinear simulations and linear models derived therefrom can reproduce experimental vertical instability growth rates and the trajectory of the plasma center [ 131. Growth rates and linear trajectories typically agree to better than 10% when detailed conductor and power supply models are used in such simulations and models [14] . The linear response of the plasma-wall gap spacings to conductor variation derived from perturbed conductor currents has been shown to agree approximately (typically within 10%-50%) with plasma nonlinear code responses [15] . General shape control may therefore be satisfactorily accomplished using detailed plasma response models for the control design. However, more detailed control such as regulation of strike point locations may require the ability to accurately predict the edge conductivity conditions.
Multivariable Control Design
Current work which seeks to exploit the new real time equilibrium reconstruction capability and the "isoflux" control approach is the development of true multivariable controllers which can account for the many dependencies of flux at various locations on currents in shaping coils.
As described above, in DIII-D the behavior of the X-point geometry may vary significantly from one kind of discharge to another. Thus, fine control of the X-point and nearby magnetic field lines may require specific controllers for each kind of discharge, or even gain scheduling of controllers during a single discharge. If such high performance control is not required, controllers designed without reference to a specific plasma model may be sufficient. The only control which clearly requires a model for development is the vertical position control and this uses a separate algorithm. In fact, previous shape controller designs on DIU-D and on other devices have essentially ignored the effect of the plasma and controlled plasmas "reasonably well" [6, 14, 16] . Others have used some form of plasma model in their designs, also with success [ 17,181.
Our initial work on this problem attempts to understand through simulations the impact of the choice of models on development and implementation of controllers for DIII-D. Initially we tend to favor reduced complexity over fine-scale control. The least complex option would be if we were able to design controllers without reference to a plasma model. Failing that, cruder models which were appropriate over many different plasmas would be preferred. The first plasma model used in our simulations is a crude one degree of freedom approximation in which plasma current is concentrated in a single filament at the plasma current centroid and only rigid radial plasma motion is allowed.
We chose to use the normalized coprime factorization (NCF) [19] design technique to design controllers and to test them in a closed loop mixed linearhonlinear plasma simulation, shown in Fig. 5 . It uses a linearized plant to evolve coil and vessel currents, followed by a nonlinear algorithm which performs the following computations:
(1) calculation of B, and B, at the desired X-point location (target), ( 2 ) estimate X-point location and flux at X-point using the same algorithm as in the real time code, (3) compute flux at specified control points. Control of the X-point location in DIII-D experiments using the isoflux technique has been done by feeding back the X-point r and z errors directly to a controller. The simulation on the other hand attempts to control its location by forcing BpBZ=O at the targeted X-point location. The flux errors (flux at control points minus calculated X-point flux), B, and B, at the target X-point, and the F-coil currents are fed back to the controller which calculates a voltage demand for the shape control power supplies. We assume here that the control of the power supplies is good enough that this voltage can be instantaneously achieved relative to the timescale needed for effective shaping control (order of 1 ms). These supplies have a (soft) limited voltage range (&250 to +350 V) so voltages are clipped in simulation.
Plasma shape controllers were designed with a plant model which assumed that the fludfield at all points on a control segment (and over the X-point grid) in response to a given conductor current is equal to the average over the segment (grid) of the true responses to that current. This appears to be a reasonable approximation for flux responses, since flux always increases with increasing current, i.e. the sign of the response remains constant. However, for certain F-coils, the direction of change in field at a grid point with increasing current depends on which point on the grid is being measured. The effect of this difference in sign is that the same change in current in coil F8B, for example, will sometimes push the X-point to the right and sometimes to the left, depending on where the X-point is initially.
Several controllers were designed and tested in simulation. Those controllers which were designed with knowledge of plasma model all stabilized very well and traded off such quantities as response time, voltages used, coil current excursions, and stability robustness as measured by the NCF robustness parameter E. An example is shown in Fig. 6 . Note that X-point control has been emphasized at 
Closed loop simulation of DIU-D, including
the expense of boundary control because of the impact in DIII-D of the strike point location on the ability to perform certain physics studies. Also note that prompt response of Br and B, errors does not translate to equally prompt response of X-point r and z errors, lending support to a previous decision to directly feed back the X-point r and z locations rather than control the X-point location through control of the magnetic field.
While voltages remain well below their limits in Fig. 6 we see that coil currents are growing large. In general, current limits (a few kAmps per coil) are easily reached with an inappropriate choice of target boundary location which is incompatible with reasonable equilibrium coil currents. This issue of definition of target shapes compatible with limited coil currents is a problem which must also be addressed in order for a imultivariable controller to become operational.
Several unsuccessful attempts were also made to design a controller using only the conductors model without the plasma response which would provide "reasonable" control of the crude plasma we are using. All such controllers were very robustly closed loop stable (as measured by E) for the plasmaless system, but all destabilized the initially stable plasma-included plant in simulation.
It's possible that alternative design techniques which include modeling of system uncertainties (e.g. [20] ) could be used to design a workable controller using a plasmaless model. In this case, we can include models for bounds on perturbations of the nominal (no plasma) system which would include the physical system. To illustrate the perturbation size, in our example models describing the response y of flux and field at control points are given by state space descriptions dI/dt=AI+BV, Y=CI+DV, with Aplasma = Anopl + AA, IlAAII/IIAnoplll = 0.0399 Bplasma = Bnopl + Al3, IlABII/IIBnoplll = 0.0025 Cplasma = Cnopl + AC, IIACII/IICnoplll = 1.3985
where the "plasma" subscript indicates that the system includes plasma effects, "nopl" indicates it does not. Note that the dynamics of the current evolution in the external conductors will likely not be much different with or without a plasma present. The flux and field response to conductor currents is significantly different however.
Conclusion
In this paper we have discussed the techniques used now and in the past to control plasma shape and position of the DIII-D tokamak plasmas. Emphasis has been placed on the ongoing transition to more sophisticated control methods which require models of the system to be controlled in order to develop controllers. Much has been learned in the fusion community about the adequacy of plasma models for predicting plasma evolution, but the issue of how sophisticated a model is really necessary for effective multivariable controller design is not yet resolved. We believe that some information about the effect of the plasma is needed. Our conjecture is that a model only slightly more sophisticated than the rigid radial response plasma we use here is necessary, except perhaps for detailed control of field lines around the X-point. We noted that, around the X-point, a change in model assumpalter the assumed motion of the field lines in response to plasma motion and thus to external conductor current changes.
With further work, we hope to verify the above conjecture and to investigate whether there do in fact exist physical plasmas which have dynamically driven edge currents significant enough to affect control response. Once these issues are resolved, we need to produce a small collection of (simple) models which will allow design of effective multivariable controllers, and then implement these controllers on DIII-D.
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